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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-256

FATIGUE DAMAGE DURING COMPLEX STRESS HISTCRIES

By H. W. Liu and H. T. Corten

SUMMARY

The influence of complex stress histories on the fatigue life of
members has been investigated to determine the relation between the
fatigue life and the relative number and amplitude of imposed cycles of
stress. Stress history was taken into account in terms of the number
of damage nuclel initiated by the highest applied stress and the propa-
gation of damage by all subsequent cycles of stress. Wire specimens of
three materials, 2024-T4 and 7075-T6 aluminum alloy and hard-drawn
steel, were employed to provide a large number of inexpensive reproduc-
ible specimens. The data were statistically analyzed to obtain a meas-
ure of mean fatigue life of known relisbility. Completely reversed
two-stress repeated block experiments, the simplest form of complex
stress history, were performed and analyzed to verify the hypothesis
that the fatigue life was adequately described by a simple two-psrameter
expression involving (a) the percent of cycles at the high stress and
(b) a stress interaction factor. The experimentally determined values
of this stress interaction factor were correlated with the values of
the high and low stress by a slmple power relation.

The above relations were combined and extended to continuously
varying stress-amplitude histories. For the one set of data completed,
the agreement between the computed and experimentally determined fatigue
life was excellent.

INTRODUCTION

In the design of limited-life members and structural components
subjected to repeated loads, an accurate estimate of fatigue life is
necessary. Current methods of estimating fatigue life frequently lead
to either an overconservative or unsafe value. The common elements of
this problem, (a) the random spectrum of loads, (b) the fatigue behavior
of the components, generally known only for constant-amplitude loading,
and (c) the influence of a complex load history on the fatigue behavior
of the components, individually constitute complex problems. Adequate




design for limited-fatigue-life components will be achieved only as im-
proved quantitative methods of analysis are developed for each phase of
the problem.

This investigation studies the influence of complex stress his-
tories on the fatigue behavior, specifically the fatigue life, of
structural aluminum alloys and steels. It summarizes the results ob-
tained during the early part of the program. A combined analytical and
experimental investigation was undertaken in which the problem was sub-
divided into several simple phases. A hypothesis to describe the phe-
nomena was introduced and experiments were devised to check this hy-
pothesis. Based on the results of the several phases of this program,
an analytical expression is presented for the fatigue life of a member
under an arbitrary complex load history. In the present report, the
experimental results are confined to the fatigue life of wire specimens
subjected to two-stress repeated block loading and one condition of con-
tinuously varying load amplitude. Experiments were all conducted at
room temperature employling completely reversed cycles of stress.

The first phase of the program consisted of determining the in-
fluence of the percent of cycles at the high stress on the fatigue life
in the two-stress repeated block experiments. An hypothesis was for-
mulated which lead to a simple analytical expression for fatigue life
in terms of the percent of cycles at the high stress o and the stress

interaction factor Rl/a, which depends only upon the high and low
stresses, 01 and 0y, respectively.

The second phase of the program consisted of investigating the
interaction between the high and low stresses in the two-stress re-
peated block experiment. In this phase of the investigation, the high
stress 0] was maintained constant and either six or seven different
values of low stress were employed. Use of the values of the parameter

Rl/a, determined previously, lead to a simple empirical correlation
between Rl/a and 07 and 0. Finally, the fatigue life for condi-

tions where the stress amplitude varied in a continuous manner was in-
vestigated. One set of experimental results is included and compared
with the fatigue life computed fram the data obtained in the first two
phases of the investigation.

The third phase of the investigation will consist of extending the
study of the interaction of the high and low stresses employing a
variety of high stresses as well as low stresses. Based on the analysis
and results from all the two-stress repeated block experiments, the
analytical expression for fatigue life for continuously varied ampli-
tude experiments will be evaluated. The camputed fatigue life will be
compared with the fatigue life obtained experimentally for a wide
variety of load historiles.
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In this investigation, wire specimens have been employed as a
source of inexpenslve reproducible specimens. In the analysis of re-
sults, the fatigue life from one load history was compared with fatigue
life from another load history. Because of the statistical variability
of fatigue life, the results of 20 specimens were obtained and statis-
tically analyzed for nearly all experimental conditions. A measure of
the average fatigue life was desired for comparison with the analytical
results; therefore, a logarithmic-normal distribution of fatigue life
was assumed. The experimental data are presented in terms of mean
log N, standard deviation, and 95-percent confidence limits on the mean
life.

Because all the results are analyzed by comparing the fatigue life
of one set of wire specimens with that of another set, it is believed that
the influence of specimen shape and fabrication was minimized. Further,
it is anticipated that the analytical expressions developed and con-
firmed experimentally will be applicable to members of any size or
shape. At the present time, the analytical expression for fatigue life
under continuwously varying load amplitude contains two parameters. The
first parameter, a;, is related to the number of load cycles in various

stress intervals. The second parameter, R%/a, is related primarily to

the interaction at the various stress amplitudes and has been deter-
mined empirically. These two parameters correspond to the ith stress
level oj. From the results, it appears that the two-parameter ex-

pression is adequate to describe the variation of fatigue life for con-
ditions of continuously varying load amplitude.

This investigation was conducted in the research laboratories of
the Department of Theoretical and Applied Mechanics as part of the work
of the Engineering Experiment Station, University of Iilinois, under
the sponsorship.and with the financial assistance of the National
Advisory Committee for Aeronasutics. The advice and criticism of
Professors G. M. Sinclair and T. J. Dolan is greatly appreciated.
Acknowledgment is due to G. E. Mercer for his care in constructing
the apparatus and to J. W. Melvin, C. H. Tang, and E. Mueller who
assisted in various phases of this work.

SYMBOLS
a constant
B! constant

c radius of cross section of wire, in.




fatigue damage

damage at failure

constant

modulus of elasticity, psi

moment of inertia of cross section of specimen, in%
constant

length of specimen, in.

bending moment

number of damage nuclel

nunber of cycles

fatigue life for complex stress histories
fatigue life at high stress

fatigue life at low stress

number of cycles in each repeated block
axial compressive force, 1b

number of stress levels

stress interaction factor

coefficient of crack propagation

reduced stress

percent of cycles at high stress

reduction factor for crack propagation at o7 Dby strain aging

exponent on cycle ratio, a constant for a given stress

maximum deflection of specimen

fraction of cycles in each repeated block needed to break

pinned dislocations

angular deflection of specimen, deg
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o maximum alternating-stress amplitude, psi
oo} constant

oy high stress

0o low stress

¢ cycle ratio

Ad cycle ratio increment
Subscripts:

ac actual

ex experimental

b failure

th theoretical

1 conditions at low stress
z conditions at high stress

MATERTALS AND APPARATUS
Materials

Wire specimens of three materials, 2024-T4 aluminum alloy, 7075-T6
aluminum alloy, and hard-drawn steel designated as "Brite Basic,” were
emnloyed in this investigation to satisfy the requirement of inexpensive
reproducible specimens. All three kinds of wire were testcd in the "as-
received" condition. The steel wire was straightened and cut into 3-
foot lengths, and the aluminum wire was heat-treated following the draw-
ing operation and also cut into 3-foot lengths by the manufacturer. The
diameter of aluminum wire was 0.100 inch and the dlameter of steel wire
was 0.050 inch. The stress-straln curves for these three materials are
shown in figure 1. The mechanical properties determined thereby are
listed in the following table:




Wire Yield strength, psi Ultimate
specimen strength, .
0.2-Percent | 0.03-Percent psi
offset offset

2024-T4 Aluminum alloy 56,200 50,700 69,900

7075-T6 Aluminum alloy 69,000 62,700 80,000
Rard-drawn steel 108,000 93,500 130,000 0
Q
no

Wire-Fatigue Testing Machines

The use of wire specimens required that the region of maximum
stress was located away from the points where the specimen was gripped
or loaded. A deflected rotating strut loaded with axial compressive
forces met this requirement. The total stress in the specimen was com-
posed of two components, bending and compressive stresses. However, the
compressive stress was small and, therefore, the maximum alternating
stress at the center of the specimen was given by the equation

o Y

c radius of cross section of wire, in.

where

E modulus of elasticity, psi

I moment of inertia of cross section of specimen, in.%
1 length of specimen, in.

P axial compressive force, 1b

A maximum deflection of specimen, in.

o] maximum alternating-stress amplitude, psi

The gquantities PZZ/EI and A/Z are dimensionless quantities related
to the configuration of the deflected specimen (ref. 1).

The development of the machine used in this investigation was
previously reported in detail (ref. 2). Briefly, one end of the speci- 1
men, a deflected rotating strut, was rigidly fixed, while the other end




followed an appropriately curved path such that, theoretically, both
ends of the specimen were subjected to zero bending moment. The trace
of this curved path is very closely approximated by a circular arc. In
order to facilitate the fabrication of the machine, a circular arc was
used instead of the theoretical curved path. The error introduced by
the circular arc is shown in figure 2(a) where the difference in length
of deflected specimen between theoretical and circular-arc track is
plotted against the angular deflection of the specimen 8 between the
original undeflected position of the specimen and the line connecting
the two ends of the deflected specimen. An approximate calculation of
the stress in the specimen caused by the circular-arc approximation was
made by assuming a sine wave for the configuration of the deflected
specimen (ref. 2). The results of this approximation are shown by the
broken line in figure 2(b). The nominal stress given by equation (1)
is used in this report and is shown by the solid line in figure 2(b).
The nominal stress was obtained by assuning the theoretical-curve path
for the movable end of the specimen. The actual stress in the specimen
is on a line between these two rather narrow limits. For any straight
line between these limits in figure 2(b), the stress is related to the
angle 6 by the expression

o = K¢

where K 1is some constant. In this investigation, only a stress ratio
dz/cl is used in the analysis. Therefore, since both of these stresses

are linear functions of 6, it is immaterial which value of stress is
used in the analysis.

In figure 3(a) the wire machine is shown arranged to test specimens
under two-stress repeated block loading. The stress history employed
in this test is shown in figure 4(a). One end of the specimen, the
drive end, was held rigidly by the chuck (A). The other end of the
specimen was fitted into a ministure bearing which was attached to the
movable trolley (B). The trolley was readily adjustable to any position
along the circular track (CD). The chuck (A) was geared to the circular
cam (E). As the cam turned, two pips on the cam activated the solenoid
(F) through two microswitches (G) and changes the stress in the speci-
men by moving the trolley (B). The percent of the life of the specimen
at high stress was varied by appropriate spacing of the two pips.

Figure 3(b) shows a specimen and machine arranged for the con-
tinuously varying stress amplitude experiments. A typical stress his~
tory is shown in figure 4(b). In this experiment, a curved cam (E) was
employed to move the trolley (B) by means of the follower (H). The
large cam made 1 revolution for each 10,000 revolutions of the speci-
men. Therefore, the stress history shown in figure 4(b) (also fig.
4(a)) was repeated every 10,000 cycles. The machines were run at




slightly different speeds to minimize vibration between 4,000 and
6,000 rpm.

This machine offered wide adaptability to various load patterns
and, at the same time, offered economical means for compiling a large
amount of data. However, considerable care was required in fabricating
the machine and in running the experiments to obtain consistent repro-
ducible data. Reproducibility of data was checked periodically by re-
running the constant stress-amplitude S-N experiments.

The number of cycles spent at the high stress was determined by
the setting of pips on the large cam (E) and then independently checked
by counting the number of revolutions at the high stress when the
specimen was revolving slowly. Because the action of the solenoid was
independent of the speed of the machine, the number of cycles consumed
in moving from the low to the high stress and back again was determined
at normal operating speed by taking high-speed motion pictures with a
Wollensak Fastax camera. It was established that from 5 to 10 cycles
were required to change from either the low to the high stress or from
the high to the low stress.

ANALYSIS OF CUMULATIVE DAMAGE

Fatigue damage D was visualized as a joining or accumulation of
cracks and was treated in terms of (a) the number of damage nuclei
formed and (b) the rate of crack propagation. The following summary of
experimental observations was used in formulating a quantitative ex-
pression for cumulative damage (ref. 3):

(1) A nucleation period (possibly a small number of cycles) may be
required to initiate permanent fatigue damage.

(2) The number of damage nuclei (submicroscopic voids) that sub-
sequently join to form a larger crack increases as the stress increases.

(3) Damage at a given stress amplitude propagates at rates that
inerease with numbers of cycles.

(4) The rate of propagation of damage per cycle increases as the
stress increases.

(5) The total damage that constitutes failure in a given member is
constant for all stress histories.

(6) Damage is propagated at stress levels that are lower than the
minimum stress required to initiate damage.
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The fatigue damage D caused by number of cycles of a particular
stress amplitude was expressed as

D = mrN® (2)
where
a constant
m number of damage nuclei
N number of cycles
r coefficient of crack propagation

For constant stress amplitudes, 07 or 05, damage at failure Dy was
expressed as

a a
D = myriNy 1. moroNo 2 (3)
The progress of damage D 1is shown schematically in figure 5.

In the fluctuating two-stress repeated block experiments, this
damage hypothesis lead to the following simple conditions: (1) the
number of damage nuclei initiated in the fracture zone was assumed to
be a function of gy only, and (2) damage propagation was assumed to

proceed at both oy and 0Oy as shown in figure 6.

The sum of the damage increments AD +taken alternately at stress
levels o7 and o for esch increment of cycles AN (in fig. 6) until
failure is equal to Dy given by equation (3). If R = rp/r; and
a] = as = a, the expression for the fatigue life Ng 1is

Ng 1
Moo s ®YR (1 - a) @

If q stress levels (or intervals) are employed, equation (4)
becomes

Ng o1
N, = 4
1 1
Z @iRi/a
i=1

(5)
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where N; 1is the life at the highest stress 03, and the guantities
oy and Ril/a correspond to the 1th gtress level (or interval) o3 .

The detailed mathematical derivation of equations (4) and (5) is given
in a previous paper (ref. 3).

The problem of fatigue life under complex stress history was
divided into three phases. The first phase for a particular combination
of 07 and Jp Wwas considered and, the assumptions that r was con-

stant for each particular stress and a was constant for all stresses,

required a constant value for the quantity Rl/a, and, therefore, Ng/Nl

was a function of o only. This assumption will be considered in the
light of the experimental results. In the second phase of the inves-
tigation, o7 was maintained constant and op was varied. A different
value of Rl/a was expected for each combination of 07 and o0p; how-
ever, the number of damage nucleli m; was the same because m was a

function of oy only. Therefore, Rl/a was a function of 02/01, and

Ng/Nl was a function of o and Rl/a. After the relation between Rl/a
and 02/01 was determined using the experimental data, the fatigue life
under a continuously varying stress history was calculated. The third
phase of the investigation, employing various values of both o9 and

05, 1s yet to be considered.

RESULTS AND DISCUSSION
Two-Stress Repeated Block Experiments

The results of the constant stress experiments and the two-stress
repeated block experiments for 2024-T4 and 7075-T6 aluminum-alloy wire
and hard-drawn-steel wire are tabulated in table I. In this table, the
subscript 1 denotes that the quantity is associated with high stress,
and the subscript g denotes that the quantity is associated with a
complex stress history. The quantities N; and Ng are the life of

the specimens at high stress and for the complex stress histories,
respectively. The mean value of 1log Ng was obtained by assuming

logarithmic-normal distribution of fatigue life. From the experimental
values of Ng and Ny, Rl/a was calculated using equation (4) for
each experimental condition.

In figure 7 the S-N diagrams are shown for 2024-T4 and 7075-T6
aluminum-alloy wire and hard-drawn-steel wire, respectively. The circu-
lar points are the results obtained early in the experimental program,
and the triangular points are the results obtained at the end of the

202-d
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program. The mean endurance limit for the steel wire was determined
from 17 specimens by staircase analysis (ref. 2) to be 59,400 psi with
a standard deviation of 1900 psi.

Figure 8 shows the diagrams of (log Ng - log Np) agaeinst log «
for the three materials. Both mean values and 95-percent confidence
limits of (log Ng - log Ny ) are given for the experimental points. The

curves in figure 8 were drawn by using constant values of Rl & for

the group of points having the same combination of high and low stress,
that is, o and 0. These curves correlate the experimental data very
well. The points for o equal to 40 percent exhibit the poorest agree-
ment. The experimental error in o itself may be large in this case
and contribute to this error. This will be discussed later. The values

of Rl/a used in plotting these curves are listed in the Rl/a (group)
column of table I. The ratio between the experimental life Ng,ex and.
the theoretical life Ny tn calculated by using the constant value of
Rl/a is shown in the (Ng,ex/Ng,th) column of table I. The straight
broken line to the right of each of these three figures represents

Rl/a = 0, that is, the damage done by the cycles of low stress is zero.
Any point to the right of this line has a negative value of Rl/a, which

implies that a beneficial or strengthening effect was produced by the
low-stress cycles.

In figure 8(c), for hard-drawn steel, the experimental points for
o5 of 28,000 and 20,000 psi are located to the right of the dashed

line. The values of Rl/a for these points are negative, indicating
that a beneficial effect has resulted from these low-stress cycles.
This favorable effect is probably due to strain aging of the steel at
low stresses. The possible effect of stain aging by these low-stress
cycles on further fatigue damage is considered qualitatively in more
detail in appendix A.

The wvalues Rl/a for the groups of points having the same com-
bination of o7 and o0 but different values of o were so deter-
mined that

g g
—_— = =] 6
jz:(Nl)th :E: N1 Jex (®)
for each group of points. The value of (Ng/Ni)th was calculated by

using equation (4) and the same set of o values as used in the ex-
periments. Since for each material the values of a used were the

N
same through the program, the quantity :E:(ﬁf)th is a function of
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Rl/a only. Therefore, a theoretical curve of R / against :£:<Ni)
was drawn, and from the known values of :E: ) » the values of Rl/2
Ny /ex

for best fit for each group of points were read off the curve. In
this calculation, the values for o egual to 40 percent were not used
because they were unreliable. For o equal to 40 percent, only a few
revolutions of the large cam were required for fracture. Therefore,
the o for the first and the last repeated block for a specimen may be

much less than 40 percent. This error is reflected in the longer life =
of the specimens. 8
[3%]

There are other methods that can be used to determine the value of
Rl/a for each gro7p of points having the same stresses, o and 0g.
The average of Rl 8 of the individual points of the group might be
used, or the Rl/a for the group of points could be determined so that

N
log —§> = log<~§)
Z Gl th Z Ny Jex

for this group. \

The method used in this investigation emphasized or weighted the
points with low values of ap because they lead to a narrower per- -
missible range of values of R &  than the points with high values
of a. This method was intended to emphasize the most reliable dats

in evaluating Rl/a.

o
Figure 9(a) shows the plot of log Rl/a against log(ai) for

2024-T4 aluminum wire. The experimental points lie on a straight line;
the slope of the line is 5.778. This suggests that the relation between

RL/%  ang 05/0; 1is in the form of

5.778
1/a (02)
R = |= 7
Ul ()
. 1/a 92 :
The diagram of log R against log EI for 7075-T6 aluminum

wire is shown in figure 9(b). The experimental points for the higher
values of 0p fall on a slightly curved line; however, for g, of

25,000 and 20,000 psi, the values of Rl/a are very low. Figure 9(c)
0o - @
shows a diagram of log Rl/a against log EE—__—Q for 7Q075-T6 aluminum-
1~ % )

alloy wire using a o5 value of 15,000 psi. In figure 9(c), the data
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exhibit an approximately linear relation. No particular significance
was attached to the value of 0g; however, this relation will be con-

venient in estimating the life for continuously varying stress histories.
The slope of the line is 3.3.

In figure 9(d), only the positive experimental values of Rl/a for
hard-drawn-steel wire are shown. A straight line can be used to approxi-
mate the first four experimental points. The phenomenon of strain-aging
apparently influenced the results for o, values of 34,000 psi and

lower. Figure 9(e) also shows the values of R1/2 against o5/0; on
a linear scale including negative values for hard-drawn-steel wire.

Continuously Varying Stress Experiment

Based on the relation between Rl/a and Uz/cl obtained experi-

mentally, the life of specimens under continuously varying load can be
estimated from equation (5).

One experiment employing continuously varying stress amplitude was
completed for 2024-T4 aluminum wire. The stress spectrum limits were
from 50,000 to 9,500 psi, and the stress history is shown in figure 4(b).
The stress spectrum was divided into 17 intervals, and the mean ,values
of the stress intervals were used to determine the value of R/ for
that stress interval. The relative fraction of life at various stress
intervals o4 is shown in figure 10.

The relation between Rl/a and 02/01 for 2024-T4 aluminum wire

is given by equation (7). Substitution of this relation into equation
(5), gives

Ny
Ng = — (8)
- /g.\b-//tﬁ
424 Gi';i
=1 01

The detailed calculations are tabulated in table II. The estimated
life of the specimens with the stress history as shown in figure 4(b)

was 3.1X10° cycles, and the experimentally determined life was 2.9X10°
cycles. Thus, excellent agreement was obtained between the results of
the two-stress repeated block experiments and the continuously varying
stress amplitude experiments. This correlation is very encouraging,
however, the results of additional experiments, now in progress, are
required to firmly establish this relation.
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CONCLUDING REMARKS

The results of the two-stress repeated block experiments for
2024-T4 and 7075-T6 aluminum-alloy and hard-drawn-steel wire estab-
lished the hypothesis that the fatigue life varies linearly with per-
cent of life at high stress and according to the relation of
equation (4).

Equivalently, these results established the fact that for given
values of high and low stress one value of the stress interaction par-
ameter adequately represented the interaction between cycles at high
and low stress. For the steel wire at low values of low stress, the
lives were longer than expected and negative values of the stress in-
teraction parameter were obtained. This phenomenon was attributed
to strain-aging or coaxing.

Baged on the adequacy of the two-parameter expression given pre-
viously, a simple correlation was obtained between the stress inter-
action parameter Rl/a and the high and low stresses o¢7 and o0 in
order to represent the fatigue life for all of the two-stress repeated

block sets of data. The simplest relation between Rl/a, and 07 and
0o that adequately represented the data for all three materials was

R ~\o o
1770

where op and d are constants. The constants, determined from the

experimental data, were

Specimen d a0,
psi
2024-T4 Aluminum-alloy wire | 5.778 0

7075-T6 Aluminum-alloy wire | 3.30 | 15,000

Brite basic steel wire 5.98 0]

For 2024-T4 aluminum alloy, one experiment was completed employing
a continuocusly varying stress history. The life measured experimentally
was in excellent agreement with the life computed using the two ex-
pressions previously discussed. Further work of this type is in progress
for all three materials. Based on these data, it appears that the re-
sults of the two-stress repeated block experiments may be correlated
with the results of the continuously varying amplitude experiments.

University of Illinois,
Urbana, Ill., November 4, 1957.
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APPENDIX A

ANATYSIS OF STRAIN-AGING IN COLD-DRAWN-STEEL WIRE

During two-stress repeated block experiments, it was observed that
for values of low stress o0y considerably below the fatigue strength,

the fatigue life was longer than would be expected if damage occurred
only at the high stress Oy - This longer life was attributed to strain-
aging. Apparently, the strain-aging which occurs at cycles of 0o also
influences the rate of crack propagation at 07. Of the many possible
phenomena that may occur, two simple conditions will be examined. It

is assumed that strain-aging, that is, pinning of dislocation in the
vicinity of the nose of the crack, occurs during cycles of low stress
0. During this cycling, crack propagation will be assumed to be zero.

As a result of the pinning, crack propagation at o7 is also influenced.

The stress o7 must tear dislocations free from the carbon and nitrogen
atmospheres. At least two possibilities exist: (a) all dislocations
are pimned and a certain number of cycles of stress are required to free
the dislocations, or (b) only a portion of the dislocations are pinned
because the magnitude of 09 is sufficient to prevent the pinning of

some dislocations. However, those dislocations that are pinned are held
tightly and even cycles of 07 do not free them. Thus, the rate of
crack propagation is lower at o7 following oy than it would be if
the oo cycles were omitted.

These two possibilities are considered as case (a) and (b) in the

followinge
ITollowling

Case (a)
From equation (3)
Dp = myrN; (3)
where
a constant
my;  number of damage nuclei at oy
N7  number of cycles to failure at oy

ry coefficient of crack propagation at o1
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For two-stress repeated block experiments, it 1s assumed that

I'2=O

and if the influence of strain-aging during cycles of o7 1s initially
neglected,

a a

where Ng is the fatigue life and o 1is the percent of cycles at the
high stress. With the influence of strain-aging at o0y present, the
effective cycles during which crack propagation occurs at o7 is re-
duced from ally to (o - B)Ng where © 1is the fraction of cycles in

each repeated block required to break free the pinned dislocations.
Thus

Df = mriN® = myry(a - 8)N* (A1)
and
Ny
Ng = a - B (Az)
Case (Db)

Equations (3) and (8) remain valid in the absence of any influence
of strain-aging at o07. In the presence of straln-aging, the coefficient

of crack propagation r; will be reduced from rj to pr; where
B <1

because of the reduced number of dislocations that contribute to crack
propagation. The expression for damage, with rp = O, becomes

Df = mlrlNla = mlrlB (CXNg )a (AS)

and
Ny

AT -

The results of case (a) and (b) are indicated schematically in figure 11.

202-8
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It appears that for a o of 20,000 psi, case (b) is in reasonable
agreement with the data in figure 8(c). Case (a) is not in agreement
with any of the data. For 0, values of 28,000 and 34,000 psi, it
appears that ro 1s not zero as assumed, but that the general assump-
tions made in case (b), with the exception of ry = 0, may be valid.

This does not eliminate other assumptions that lead to the same ex-
pression, equation (A4); however, the simple concept that a fraction of
the dislocations become pinned and inoperative at o and oy provides

an adequate description based on the very limited data available.



18
APPENDIX B

COMPARISON OF DATA WITH OTHER THECRIES OF
CUMULATIVE FATIGUE DAMAGE

The experimental results of this investigation will be compared
with other theories of cumulative fatigue damage that have been proposed.
The early theory of references 4 to 6, frequently referred to as the
linear summation of "cycle-ratio” hypothesis, may be generalized along
lines suggested in references 7 to 10 in order to allow a study of
several variations.

Each of these investigations employed the cycle ratio as the basic
variable in their theory. Cycle ratio is defined as the ratio n'/N,
where N 1is the average life at stress o, and n' 1is the number of
cycles (n' < N)* applied at this stress. Fatigue damage was defined in
several ways, however, fracture represented 100-percent damage in all
cases.

For a general approach to this problem in terms of the cycle ratio
¢, assume that the damage D 1is related to ¢ by the expression

D= ¢ (B1)

where the exponent 1 is a constant for a given stress; however, the
value of Y may be different for different stresses.

For two stresses 07 and O0p, (cl > 62), and corresponding fatigue
lives, N; and No(N, > Np), it was suggested (refs. 7 and 10) that
To > 11 appeared to fit some experimental data. The relation (eq. (B1))

between damage D and cycle ratio ¢ 1is shown schematically in figure
12 for the two-stress repeated block load history employed in most of
the data included in this report. Initially an® cycles of high stress
o1 were applied, followed by (1 - a)n cycles of low stress o5, and so
forth. The path of damage accumulation is indicated by the heavy solid
line in figure 12.

The various increments of damage AD are given by the product of
the slope of the damage curve in the interval considered dD/d¢ and the
cycle-ratio increment A¢, that is,

j _ ap ol
A = Tl Ad = v T Ad (B2)

*nt o is employed in the definition of the cycle ratio to avoid con-
fusion with the quantity n which is the length of each repeated block
used in this report.

AT
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In terms of the two-stress repeated block loading employed in the
present experiment, the various values of AD are

-1
ADa=T£T1 939-

and so forth.

The total damage D 1is given by the sum of the damage increments

as follows:

rl-l To-1
D=8 M =1 %r_l) ga”z(zn_)

Ny No
1 2

Tl'l
1l - a)n n
‘LT_)‘ + Yl(ﬁr)

y -L‘z :L‘J_

+

-1 -1 -1
an 4 4+ an) 2 (L - a)n 2n\ 1 on 2n + an 12
Wt T2 SRR

-1 Yo-1
1 - a)n en\ + ~ an gn + an) (L - a)n
R =— + Yol A= /- (B3)
Nz l(Nl) N 2( N Nz

At failure, D = 1, and this expression can be rearranged and simplified
to the form
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11
Ty on -1 Y-l -l -
D=1=-2 |:0+ll +2t a5t + (&)t ]+
Y1
(M)
To(l - a)n To-1 To- - -1
z - [az +(l+CL)z +(2+0L)2 +(3+c1,)2 + . .
(v,) @
To-1
+ (g + a) 2 ] (B4)

For failure after a few repeated blocks of cycles (say g < 10) it
is possible to compute the sum of the series of terms in equation (B4).
For large values of g, which are of primary interest here, the series
of terms may be evaluated by integration, thus equation (B4) becomes

Y Y2 g
Yo L € Y11 Yg(l - a)n To-1
D=1= " X dx + (x + a) dx
11 T2
(M) = % (ng) 0

which gives
L /y V2 T T
Tan 1 Yo(1-a)n z 2
D=l=lr($ >+2 Lg“x)r = (B5)
1 T 2
(wp) =\ (ng)"2
T2

Since a <1 and g 1is large, the quantities «
bracket will be neglected, so that

and o in the last

71 T2
1= af28 + (1 - a) k-3
Ny No

The quantity ng 1is the fatigue life Ng for the two-stress re-
peated block loading, thus

N \'1 N \'2
1= G<N_f> + (1 - a)(ﬁ) (B6)

The various possible cases contained in equation (B6) will now be
considered.

202-K
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Case A; 79 =79 =1

Equation (B6) reduces to the linear summation of cycle-ratio hy-
pothesis, and may be written as

Tg = = (B7)

N
a+ (1 - GJ(E?)

In figure 13, the solid lines represent the values of the ratio
Ng/Nl given by equation (B7) for aluminum alloy 2024-T4 for two-stress
repeated block loading. The results are shown for a high stress of
50,000 psi and low stresses of 45,000, 40,000, 35,000, and 30,000 psi.

Values of the quantity E:n/N are given in table I for the three ma-
terials reported for all cambinations in which Ns, the life at the low

stress, was determined. While a few of the experimental data are ad-
equately represented by the solid lines in figure 13, it is evident that
for values of o0y close to 07, the solid line gives unconservative
values of life, but conversely for low values of 05, the solid line
estimates a life that is too short. If values of Np for o of
25,000 and 20,000 psi are obtained by extrapolation of the S-N diagram
in figure 7(a) and substituted into equation (B7), the difference be-
tween the solid line and the data becomes increasingly greater as 0Jp
becomes smaller. Because of the uncertainty of the extrapolated values
of N,, they were not included in figure 13 or table I. It appears

evident from figure 13, however, that while equation (B7) may give
reasonable values in isolated cases, errors on either the long-life or
short-life side occur in numerous other iunstances. (See table I.)
Thus the analysis of cumulative damage given by equation (4) or (5) of
this report provides a more reliable approach to this problem without

introducing undue complications.

Case B; Y1 =7Y2 > 1

Equation (B6) becomes

== = (38)
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Equation (B8) is a generalized form of the relation proposed in refer-
ences 8 and 9. From references 8 and 9, an expression for the "reduced

stress” S, is
2x\1/2x
- (mlisi )
T EZAni

where the 1ife at 8y 1is the same as for the spectrum loading. The
expression for the $8-N curves is (refs. 8 and 9)

202-4

Bl

S=N-_.l7)_(

where B' 1is a constant, and x is the slope of the S-N curve plotted
on a double logarithmic diagram. An introduction of the symbols em-
ployed in this report leads to the following relations:

BI
S =
r N-gl7x
and )
ox B! 2x B! 2x
> ony8°% = orNg(Wll X) + (1 - a)Ng(——7—N21 X)
and

ZAni = Ng

Substitution of these expressions simplifies the equation of references
8 and 9 for the reduced stress:

1/2
g'g' B - Z / (B9)
a+ (1 - a)(%%)

This expression is identical to equation (B8) for the value, y = 2.

Comparison of the lives given by equation (B9) with the experi-
mental data for 2024-T4 aluminum alloy is shown in figure 14 for oy

of 50,000 psi and o0y of 45,000, 40,000, 35,000, and 30,000 psi. For
g of 45,000 psi the agreement is good, however, the agreement de-

creases for the lower values of o0g. As the limiting case, when Np
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becomes very large, the straight line in figure 14 indicates lives that
are much too short. This line has a slope 1/y, which indicates that
for values of y > 2, the agreement would be even less. The lives for

all values of o0 are bounded on the short-life side by the vertical
line, log Ng - log N = 0, and on the long-life side by a line through

the origin with a slope -l/r. This indicates that the best agreement
with the experimental data is obtained from equation (B8) when v = 1,
which then reduces to equation (B7), the linear sumation of cycle
ratios. However, this conclusion is restricted to the case 711 = 73.
It is necessary now to examine the results for vy # Yo

Case C; v # T2

Case C gives the form of the equations proposed by references 7
and 10.

It is convenient to first consider the limiting condition, that is,
wvhen No 1is very large. Rewriting equation (B6) gives

N\ 1 N, \2
1= a(ﬁ%> + (1 - a)(ﬁf) (B6)

The second term on the right side approaches zero when N, becomes very
large. Therefore, the influence of the value of Y1 may be examined
independently in this limiting condition. Solving for Ng/Nl gives

Ny 1 -1/v

= =
T
LL al/Y

This relation deflnes a straight line through the origin in figure 15,
with a slope of -1/y, similar to the situation discussed under case B.
It is evident from an examination of figures 8 and 15 that the only
value of Y1 that gives reasonable fit to the data is Y= 1.040.1.
With the required value of 73 established to fit all of these data,

it 1s now necessary to examine the influence of 7vj5.

Equation (B6) was solved employing the following values: vy =1
and Yo = 1, 2, and 4. These results are plotted in figure 15 for

aluminum alloy 2024-T4 for the two-stress repeated block loading. As

before, the data are included for a high stress of 50,000 psi and low

stresses of 45,000, 40,000, 35,000, and 30,000 psi. There are several
instances in which the lines for Yo = 2 or Y = 4 appear to fit

some of the data well. However, in no instance does any one of these
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curves fit the data for the range of o values and for a given com-
bination of high and low stress as well as the solid curves in .
figure 8(a).

There are two important points to be noted. First, the lines in
figures 13, 14, and 15, obtained from equations (B7), (B9), and (B6),
respectively, each employ the cycle ratio ¢ at both the high and low
stress as a fundamental variable. Based on this assumption that the
cycle ratio is a fundamental variable, the theoretical expressions must
give values that lie on some smooth curve connecting the end points,
(log Ny - log Ny) =0 for o= 1.00 and (log Ng - log N;) = (log Ny -

log Nl) for o = O. This requirement is well illustrated in figure 15.

202-%

When these end-point restrictions are imposed, the possible variation
in the shape of the curves is limited and it is not possible to fit
the experimental data adequately. Simply by eliminating the cycle
ratio ¢ at the low stress as a fundamental variable, the possibility
of fitting the data is greatly increased, as shown by the good fit
(fig. 8) obtained in this report.

The second important point is that the new analytica} expression,
equation (4) or (5), contains an additional parameter RL/2. The ex-

cellent correlation between the data and equations (4) and (5) establishes

the fact that the introduction of this one additional parameter provides
adequate flexibility to fit all of the data collected 1n this investi- .

gation. The evaluation of the Rl a parameter and correlation with the
ratio of stresses Gz/dl by an expression of the type

a
rl/2 o (2
o1

was adequately considered for the wire data in this report. Evaluation

of the parameter Rl/a for other specimen configurations and stress
ranges will be considered in a later report.

It is interesting and encouraging to note that in reference 11
essentially the same analytical expression for fatigue life due to a
spectrum of random load amplitudes was developed.

REFERENCES

1. Southwell, R. V.: An Introduction to the Theory of Elasticity for
Engineers and Physicsts. Clarendon Press (Oxford), 1936.

2. Corten, H. T., and Sinclair, G. M.: A Wire Fatigue Machine for In-
vestigation of the Influence of Complex Stress Histories. Proc.
AST™™, vol. 56, 1956, pp. 1124-1137. -




E-202

CH-4

10.

11.

25

. Corten, H. T., and Dolan, T. J.: Cumulative Fatigue Damage. The

International Conf. on Fatigue of Metals, Inst. Mech. Eng. (London),
and ASME (N.Y.), Sept. 10-14, 1956.

. Palmgren, Arvid: Die Lebensdauer von Kugellagern. Z.V.D.I., Bd. 68,

No. 14, Apr. 5, 1924, pp. 339-341.

Langer, B. F.: Fatigue Failure from Stress Cycles of Varying Ampli-
tude. dJour. Appl. Mech., vol. 4, no. 4, Dec. 1937, pp. AlBQ-Al62.

. Miner, Milton A.: Cumulative Damage Fatigue. Jour. Appl. Mech.,

vol. 12, no. 3, Sept. 1945, pp. Al159-Al64.

. Richart, F. E., Jr., and Newmark, N. M.: An Hypothesis for the Deter-

mination of Cumulative Damage in Fatigue. Proc. ASTM, vol. 48,
1948, pp. 1-31; discussion, pp. 32-33.

. Shanley, F. R.: A Proposed Mechanism of Fatigue Failure. Colloguium

on Fatigue, Waloddi Weibull and Folke K. G. Odgvist, eds., Springer-
Verlag, 1956, pp. 251-259.

. Shanley, F. R.: A Theory of Fatigue Based on Unbonding During Re-

versed S8lip. Rep. P-350, The Rand Corp., Nov. 11, 1952. (See
also P-350 Supp., May 1, 1953.)

Marco, S. M., and Starkey, W. L.: A Concept of Fatigue Damage.
Trans. ASME, vol. 76, no. 4, May 1954, pp. 627-632.

Freudenthal, A. M.: The Safety of Aircraft Structures. Tech. Rep.
57-131, WADC, July 1957.



26

E-202

*0T3BJ 2T0£0 JO uOT3BUMNS JBSUTT U3 JO S8NTBAq

*RTaataoadsaa ‘sanTea pajndwoo pur Teiusuiaadxs syj adae uxwz pue mamzm
ﬁ\‘ ¢T 80° T LS00" L9e80° 9L%0°¢C 6630° 29¢0°" 09629 2g”
91 06* 0800° 9¢c0° clI8 T 2¢s0° £830° LETO 9 SL”
0c 96" 6800° 88T0" 9c¢ee° 1 9620° G8TO" TI¢s S 6°¢
0c ¥6° gyT0° ¢£¢e0” 7L96° gLS0" 8920° 6GGT°S 0Tl
02 60° 1 |L¥300" 6%0° -~ 0¢co* LOEY " 2950° £9c0° T629° ¥ oy o1 0s
LT LO°T 89T0" 6220° ¢00L" T LGSO" L82O" §806°S ce”
LT ¥6° LBTO" 120’ 6L9G° T 06%0° TGc0” S9LL"S SL*®
0c 86" G610° oteo- L8¢C°T S8%0° L3c0” cLY¥ S 6°¢
0e 00°1T I810° LBTO" v¥e6° cey0” 200" 8C¥T1* S 0T
0c 1e°T | 1810" 660"~ ¥1c0° LL9Y" 66%0° ¥¢20° c9L9" ¥ (047 214 0s
0c 0g°T 00°1 66%0° 18c0° 1ozt 3%L0° 6%<0° 998%° S ez’
0c 02 1 ¥6° 8¢S0*° LTSO" L9TS T ¢1s0° 0%20" A GL”
02 Le* 1 60° 1T 82¥0° $810° £960° 1 LLGO" LLTO" L¥0E° S 6°¢
02 ST 1 ¢o°1 ¥S90° Leco” . T1se” TSS0* 95¢0" S650° G oT
0c y¢° 1 et 0S50° 611" - cozo* ¥e8%° S¥¥0° 802c0° 6169 ¥ 057 0¢ 0s
|
61 cl'1 T0°1 cett” cceo” i 9%c6” €.L80° 02%0° T€¢1°S e’
0c 20" T g6" 0921 £920” SLLB” ¥830° 0ecg0” 6S80°S GL”®
0¢ 80°T 00°T YLIT® ¢LSO” 3918° LTLO" 9¢e0C* gL30" S 6°¢
0c¢ 8T°T AN 660" 6820° I8sL” 0960° £9c0” S¥v6e° v 3%
02 02 1 8T'1 LTIT® c00° - LE320" £E6E " £G650° 6520° LLO9 ¥ (0374 19 0S
0e 16" N ¥c8e” 8120 w 989S5° 1580° 86¢0° O%SL Y ce’
¢4 c6’ ¢6° g6Le” cBTO" 9LYS” 11%0° c6T10° T%GL ¥ SL”
02 $O°T FO°T o6¥%c” 6%20° 89G65° ¥¢90° L620° v9L" ¥ 6°¢
02 AN el T g1’ 9%20" L92S" T290° | 10%0° 2eeLY 0T
02 6c°1 0¢°1 09e’ 88%0° 2ec0”’ cLoE” LSO L920° LSLS Y ov (0574 0%
|
0c 6L° 88" 962S° ¥120° 899¢° 20G0"° 5¢e80° CSLY Y ce”
02 ¢g” cB” M8 S¥c0° Lege” 0290° 0620° 208% ¥ SL”
61 20°1 ¢T° 1 8GTY” S610° 6LSE" 80%0° LBTO" $995° ¥ 6°¢
0c €6° LO°T T9¢¥ - G220* 9L0¢€" c¥50° ¥Sc0” 915" ¥ 01
0c ge 1 6c°1 SL%°0 2022’0 0T120°0 62.2°0 5¥%80° S6S0° i AN o¥% ¢cOTXS¥ 0s
0c TeL0" 820" LBBE"S 0¢
LT 0820" 9610 LEBO"S Ge
0c LeLO” 0%¢0~ SLELT oy
oc G9G0°* y9c0” TLLS Y j°h4
0e ST%0°0 ¥6T10°0 S80SV 00T ¢OTXCS
JTWIT JTWTT ©
(a) (=) 3ouapTJuood Q0UAPTJUOD ‘ggaa9gs tsd tsd
suswioadsl I 1¢3 gqutod quUa2d3J-G8F ueay qUa0d9d-SEF uBal ulty ae <o «To
Jo N - N | dnoas T1enpIAIPUT 3 UOT1BTASD = 2JTT Jo | fssaajs | ‘ssaass
asquny | Fu 23y “o/7¥ “o/8 Ty 801 - 3N o1 el N 80T ausoasd | mop | uITH
(¢ sutyoew) fLolre wnuiuniy %L-%202 (¥)
VLVd A4I7T ANDIIVA 40 SISATYNY ANV AHYWWAS - I ATdVlL




27

‘cy3ed ST0D JO UOTIBWUME JBSUTT dU3 JO SanTeAq

*£ToaTa03dsoa f‘ganyea psjyndwod pue Te3ISUTISAXS Y] 2dB p.wz pue onwzm

St Y0'T c200° 2ge0” 61sc°2 0L80" ¥6%0° CwLY O A%
LT S6” 000" 98T0" 6ST6° T 06%0° c520” $8¢1°9 16"
02 S6° 6%00"° 6220 T6SE"T 6£90° 8620° §T8S" G 6°¢
[oF il S6T0° 9¢20" 8626° 0990° 60%0° eest-s ot
oc 9¢ 1| £%200° SLT - 29710° S0¢s” LOV0" 06T0° 6eSL° ¥ oy 0c 0s
6T 90°1T 9600° 6020° G588 1 LSSO" 890" 0801°9 2
02 00°T %010 2¥20” eTiL T 0890" 6120" LEC6" S 16°
(674 68" 69T0° $LT0° ¢8s2° 1T 0S%0° 0120” L08% S 6°¢
oc 86" [A%1en G210’ T1s86° 6820 1e10° GELT"S ot
0z ve° 1 ¥0T10°" oLT =~ [elpnely $826° 09¢0° 89TO" |LYL'Y (037 14 0s
oc oL"T| L6° $990° 110" 00LT T GBSO ¥L20° G26%°S i 4%
81 29°1| 96° 55907 26T0" LOCT'T S6%0" 0920’ 2¢G8¢°§ 16"
02 29°T) OT°1 LESO” £6T0" 0e¥0" T §1S0° 920" ¥59¢°§ 6°¢
0c 0¢°T| TO'T 6090° LL20° 1018" G6L0° TLEO" 92¢0°S 0T
02 ¥UT| LO'T L2390° SETI0° 08T0" £68¢" 8LPO" £ec0o” 8119 ¥ (037 0¢ 0s
(014 S¢'T| OT'T TOST” 91c0” ¥Q18” G6S0° 6L20" 6L20°G y¢-
oc ST'T| ¢6° 86LT" ¥L20° 9leL’ S8LO" ¥2LO" T0S6° ¥ 16"
0z Le'T| 90°T 6SST" GL20" LOgL” 06L0° 8050° 1¢86° ¥ 6°¢
o2 ¥I"T] 00°T evoT” 6¢20° 95809° ¥.90° ¢1¢0" 08c8° ¥ [e]8
0e cc'T| LT'T 0S9T* 85¥%0° ¢£0co” 069¢ " TSSO 8520 ST6S° ¥ oy 39 0s
0c ¥1°T| SO°T 60gE” cceo” YLLY " ST90° 9820 8669 ¥ ye”
0z cO'T! 96° 9%9¢” LETO" 25 18%0° G220’ 89¢59° ¥ 16°
o< 66" 26"’ 8T8e” S9TO* ST6E" ST90° LCE0" 6¢19° % 6'¢
oe TIT°1T{ 90°1 L82¢” 6520° jstlol LELO" 240l 6%29°% 0T
024 90°1T| ¢0°1 8¥¢” LETS” 9810° 6L22" G670 1¢20° g0Sv° ¥ (034 0374 0Ss
0e 6T°T| 8O"1 8¥¥S - ¢¥eo” 9c9z” ¥820° 8TCO" 88y ¥ ¥e”
oe 201 ¢6° 8%29 " c6T10° $96T" ¢TS0” 0¥e0° 881¥ ¥ T6*
0c T 1T} 207 L89G8” ce10” geee” 08%0" yeeo: 0SS¥ " ¥ 6'¢
0e SO0°T] L6~ v0T19° 0520 SLBT LOLO" 0850° 660%° ¥ ot
0c PT°T| 60°T 885°0 228%°0 1870°0 cIgl 0 ¥L%0° 2ec0” LE8E ¥ 0¥ cOTXSY 05
0¢ XA LN 000 TeLT"S Qg
oc | T¥so- ¢820” T216° % =39
0c 8590° g0¢0° ySY9° ¥ oy
0¢ ¥¥90° T0¢0° STV ¥ S¥
0¢ LTZ0°0 g¥10° 0 y3ce ¥ 00T ¢0IX0S

ATWIT ITWIT 0

(a) (e) 2OUSBPTIUOD 20ULpPTIUCD fggaasgs 18d ﬁwa
suawioads 1 L] sjutod quasJIad~GeF ueay 1U890d9d-GB8 uespy uydty 3e <o ¢to
Jo N |4mz dno.ad 1B0pTATPUT uo13eIASD 3ITT 3o | ‘ssoajs | ‘sseajys
asqung | fu | PUN| ‘esrd ‘2 /T ﬁ\ Ty Sor - 3y Fot pIEDUBSS 3y Sot jusoseq | o1 | U
(¥ euruoew) LoTre wnutuniy 91-SLO0L (a)
VIVQ FATT INDILVL J0 SISATYNY ANV AMYWWAS ~Panutiuc) - I HIHVL

202-38

3089 ¥-HD




28

.AHZ 3ot - mz 801) 23ndwod 01 Pasn SIoM §3TISS SWES 32U} WOaZ Ty So1 pue wz FoT Jo sanies ayl,
*g1seygodiy ojaBa o70L0 JO UOTjBWWNS JBSUTLT 2U3 JO sonTBAp
(v x7pusdde ssg) ‘0 = w\Hm Buisn pagnduwoo sew 33y Jo
£ 3
antea 2yl ‘18d 000°¥FS PUB ‘000‘82 ‘000°0C = o gog -AToaTioadssx ‘ssnrea paindwod pue TEBjUsWJadxe suj oJ® 3 mz pue @ MZO
a 5 | T9°1 »c00°- | tsv0' | ggszre| eLsot | 9920 8v.9°9 | 6
! v LT 67T 0CT10° LT20" 0¢6S° T ¢0S0" 9¢20” L286°S 8¢
v LT ¥9°1 A% 40M yGeC gete’ 1 £S90° y2¢0° cv09°S ot
v LT 8T°T | 88200°~ SeOT " - LeZ0" 0eLy” 2e60° SLY0” 9298 ¥ 0¥ o2 96
A |
d S , 8T 1T ¥100° - acyo’ | mwaa.mi ¢590° | 1180° 165" 9 6"
Y LT | 0c 1T §900° - 3¢c0” j 066%°T| 18S0° 6620° LB88 S g’
v LT S¥°T ¥¥eoT - 6¢20° P ZT9T Tl LS80 G6%0° 8T5S°S 0T
g 02 ﬁ LT'T | 28100 -~ 000T" - 9G6¢0" . 888y W 6280° 88%0° 1168 7 oy 82 96
g S « £8” 6100 %¢0" $G96° T  ¢BR0° 88%0° 6L8%°9 6"
v LT f LO"T L200" - §¢20° LOSY" ai 9LS0" 2610 c1¥%8°S 8¢
v i 61 i ge 1T 0120° -~ 08¢0’ 6060°T 8260° SY¥%0° 918% 'S (%
7 v 61 _ 211 | LeT00” eyLO0" - 29e0” cEVY V 60L0° 0%¢0°" 86%8° ¥ [0}/ e 96
; ! |
M d LT | 00" 1 6¥T0" [Aa%eh o I¥eert 02cL0" 0LSO” LIV0" 9 6°
| v LT _ S6° 8LT0° 9020° I e¢gz 1| ssv0° ¥220°’ LBY9"S 8'¢
i v 8T el 1 9100° 00%0" | LS66” ¥%80° 8I¥%0" ¢¥8¢°S 0T
| v 014 ’ 80" T 8vT0° SLEO - gGe0” 0zev” 2690 £2g0” 9¢TI8 ¥ 0¥ 9% 96
! g 0e 70° 1 ¢1¥0" ¢0g0" | 020¢°T| 0%90° 00¢0° 9%2L"S 6°
: v LT 06" 0¢S0” ¢¥20” | $0S0° ﬁi 60380° CTe0” AN AR 8'¢
Y 5 L0 T LECO" 8LT0" . 2888” 2820° S910° 88L2°S ol
[ ¥ ‘ oc 90" T gey0” c%00° 8T20° . 686¢° \ o¥So” 25c0”’ S98L P [0}7 95 96
v
j g 0¢ 8" ¥0° T ¢¥60° T¢20” j 9686° , ¢220” 8LFO0" AR 6°
I g LT 08" 16" TS0T” 8620° | ego8 | @9g0r 1620° 6682°G | GL°¢
| v LT 4¢m. LE" 97%01" 0020 " | TeIL” w 22Y0° 8T120° L20T S 0T
. Y oe H«o.H 801 0860° ¢8¢0° 0120" | 0ZLE" ﬁ LOSO" 9¢20” LEIL ¥ (037 99 96
v 91 | 96" 20T 690¢° 0920° ﬁ S609° 7920° ¥Sc0” T090°S 6" i
v (015 26" 96° vee” 220’ S96S° ¥8S80° cLeo” 1.86°F% GL'E
v 0¢ L6" 00'1 8¢Te” 0120’ 0¥%¢S” LOSO" L¢20" 926" ¥ 0ot !
i Y 0oc 8T T 0c T 0¥1S°0 c0L0"0 612070 ¥¥SE0 3vs0” G620 TS%L° ¥ [0} 4 O0TX9L 96
m I
W g ST I oLso” 9T¢0" 922y v 00T 96
! v gc S880° RS20 8359 00T 99
| v 9¢ 0¢LO" S620° Teg0"s 00T A 9L
v 3c 0890° 0LS0" 0L99" ¥ 00T 98
¥ oz 0¥%0°0 | 8LT0°0 906" ¥ 00T M oaxwﬂ
JTUTT TR © Hmm EQ f
(o) (2) Z0UBpPTJUOD " 20uUspIJuUoO ‘ggaags
(2) suswtoads| 1 143 gqutod JU90d3d~G6F uespy ﬁmmwog@mummﬁ UEap y3iy 3e ‘
SOTIDS Jo - N dnoa3d TBNpIATDUT UOTIBTASD 3 3JTT Jo «mmmhu .wmwhu
355 Jaquny SEN L e Ty 8ot - By Sor | paepusas | N S0t qusoasd | roT :mE
I 2/ 1 2/1 M

3aT# T9338-urzap-pasy (9)

YIVQ AAIT ANDILVA A0 SISATYNY ANV AHYWWAS "PopNiouc)d - T d7dVd




E-202

29
TABLE II. - CALCULATION OF THE FATIGUE LIFE FOR THE CONTINUOUSLY
VARYING STRESS HISTORY EXPERIMENT

[?024-T4 Aluminum alloy wire; machine 3; o7, 50,000 psi;
d, 5.778; Ny = 1.62X10% cycles ]

Stress-ratio increment 04 03 d Number oy 04 d

& 5 of “\5,

1/mean 1 cycles 1
0.95 - 1.00 0.975 0.863 224 0.0224] 0.01933
.90 - .95 .925 .637 101 .0101 .00643
.85 - .90 .875 .462 94 .0094 .00434
.80 - .85 .825 .332 84 .0084 .00279
.75 - .80 775 .232 81 .0081 .00188
.70 - 7 725 .157 367 .0367 .00576
.65 - .70 .675 .104 373 .0373 .00388
.60 - .65 .625 .066 369 .0369 .00243
.b5 - .60 .575 L0411 366 .0366 .00150
.50 - .55 .525 0241 360 .0360 .00087
.45 - .50 .475 .0136 925 .0925 .00126
.40 - .45 .425 .00707 1205 .1205 .00085
.35 - .40 .375 .00346 1158 .1158 .00040
.30 - .35 .325 .00151 1156 L1156 .00017
.25 - .30 .275 .00059 1225 1225 .00007
.20 - .25 .225 .00018 1476 L1476 .00003
19 - .20 .195 .000063 416 04186 .00000
0.05199

CA
% ay|l—=] = 0.05199
g

1

Ny 1.e2xi0t

)

= = X

g 3 = 0.05199 3.11X10% cycles
94

1

The experimentally determined life was

Ng = 2.94X10° cycles
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(a) Diagram for 2024L-Th aluminum-alloy wire.

Figure 1l.- Stress-strain diagram.
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(b) Diagram for 7075-T6 aluminum-alloy wire.

Figure 1. - Continued.
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Figure 1l.- Concluded.

\ (¢) Diagram for hard-drawn steel wire.
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CH-5 back

(a) Setup for two-stress repeated block experiments.

(v) Setup for continuously varying stress experiments.

Figure 3.- Wire fatigue machine equipped for fluctuating load experi-
ments. S, specimen; A, chuck; B, trolley; CD, circular track;
E, cam; F, solenoid; G, microswitch; H, follower.
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-5 -4 -3 -2 - 0
log % /o;
(a) 2024-T4 aluminum-alloy wire.

Figure 9.- Correlation between relative rates of damage propagation and
amplitudes of imposed stresses.
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T7075-T6 aluminum-alloy wire.

Figure 9.- Continued.
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(¢) 7075-T6 aluminum-alloy wire. o, = 15,000 psi.

Figure 9. - Continued.
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(d) Hard-drawn steel wire. Log Rl/a against 1og(02/01).

Figure 9. - Continued.
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(e) Wires. rl/a against o0p/07.

Figure 9.- Concluded.
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